In order to maintain a stable genome, cells need to detect and repair DNA damage before they complete the division cycle. To this end, cell cycle checkpoints prevent entry into the next cell cycle phase until the damage is fully repaired. Proper reentry into the cell cycle, known as checkpoint recovery, requires that a cell retains its original cell cycle state during the arrest. Here, we have identified Tousled-like kinase 2 (Tlk2) as an important regulator of recovery after DNA damage in G2. We show that Tlk2 regulates the Asf1A histone chaperone in response to DNA damage and that depletion of Asf1A also produces a recovery defect. Both Tlk2 and Asf1A are required to restore histone H3 incorporation into damaged chromatin. Failure to do so affects expression of promitotic genes and compromises the cellular competence to recover from damage-induced cell cycle arrests. Our results demonstrate that Tlk2 promotes Asf1A function during the DNA damage response in G2 to allow for proper restoration of chromatin structure at the break site and subsequent recovery from the arrest.
Introduction
DNA damage poses a continuous threat to the integrity of our genome. To deal with this threat, cells are equipped with DNA damage checkpoints that promote repair of the damage while delaying cell cycle progression [1] . Once the DNA damage has been repaired and the checkpoint response is shut down, cells need to resume the cell cycle to be able to divide. This is particularly challenging in G2 cells, because the entry into mitosis critically depends on the presence of a variety of mitotic regulators, whose expression and activity is inhibited upon activation of the DNA damage checkpoint. These include key mitotic entry regulators such as Plk1 and cyclin B1/Cdk1 [1] [2] [3] [4] . In addition to inhibition of their kinase activity, transcription and protein stability are also repressed in damaged cells [3, 5, 6] . Regulation of their expression is a delicate process, since too high levels of expression can compromise the DNA damage response (DDR), resulting in premature cell cycle reentry, while excessive reduction of expression pushes cells in a state of permanent arrest [6, 7] .
Therefore, maintenance of G2-specific gene expression is crucial to maintain cells competent to recover from a DNA damageinduced G2 arrest [8, 9] . This recovery competence is controlled by a balance of transcriptional repression via p53 on the one hand and transcriptional activation by transcription factors such as FoxM1, B-Myb, and Lin-9 on the other [9, 10] . As the DDR progresses, the function of p53 is repressed by the p53-induced phosphatase Wip1 [11, 12] , while the function of FoxM1 is maintained through Cdk-dependent phosphorylation [9, 13] . However, additional regulators of recovery competence are likely to exist [14] . For instance, the contribution of chromatin remodeling at the break site to checkpoint recovery remains elusive. Chromatin remodeling is essential for the processing and repair of the break site, and for the restoration of normal chromatin function [15] . Recovery of transcription after DNA damage has been shown to depend on histone exchange, indicating that chromatin restoration could possibly play a role in the control of recovery competence [16] .
Here, we identified Tousled-like kinase 2 (Tlk2) as a key regulator of checkpoint recovery. Tlk2 is a homolog of Tousled, first identified in Arabidopsis thaliana [17] . Humans contain 2 homologs of Tousled, Tlk1 and Tlk2, whose activities are cell cycle regulated and peak during S phase [18] . Tlk1 and 2 phosphorylate Asf1A and Asf1B and regulate their stability [19, 20] . Asf1A and Asf1B are histone chaperones that are required to insert histone H3-H4 dimers into newly replicated DNA [21, 22] . In addition to their function in S phase, Tlks have also been implicated in the DDR [23] [24] [25] [26] . Tlks are a target of the DDR suggesting a possible role during checkpoint recovery [24] .
Here, we report that Tlk2 is a kinase whose activity is responsible for recovery from a DNA damage-induced arrest in the G2 phase of the cell cycle. Absence of Tlk2 activity results in loss of recovery competence. We further show that Tlk2 is required for Asf1A-dependent chromatin restoration after DNA damage and thereby retains expression of pro-mitotic genes required for efficient recovery.
Results
An siRNA-based screen identifies potential regulators of recovery To identify kinases that are specifically required for recovery, we performed a screen in U2OS osteosarcoma cells using an siRNA kinome library. Each gene was targeted by a pool of 4 independent siRNAs targeting different sequences in the gene. We analyzed whether siRNA-mediated protein depletion would result in reduced recovery from DNA damage. For comparison, we also monitored the effect of protein depletion on unperturbed cycling cells (Fig EV1A) . To analyze recovery after DNA damage, we treated DNA damage-arrested U2OS cells with caffeine for 8 h and monitored mitotic entry by staining with antibodies directed at phosphorylated-S10 on histone H3 (Fig EV1A and B) . Caffeine inhibits the DDR and efficiently promotes recovery in G2-arrested cells [27] [28] [29] .
We were primarily interested in genes that would affect recovery after a DNA damage arrest but would not affect unperturbed mitotic entry. As a positive control, we used knockdown of Wip1, a phosphatase known to control checkpoint recovery ( Fig EV1B, [8] ). We performed the kinome-wide screen in duplicate and considered genes that would show < 70% recovering cells relative to untransfected controls, but > 70% of cells entering mitosis in the unperturbed mitotic entry relative to untransfected controls. In addition, the ratio of recovering cells over cells entering mitosis in the non-damaged cultures had to be < 0.7. Using this approach, we were able to identify seven genes that potentially affect checkpoint recovery (Figs 1 and EV1C, Dataset EV1, Table EV1 ).
Tlk2 is important for checkpoint recovery
We next performed a secondary screen in which we deconvoluted the single siRNAs from the pools used in our primary screen and considered only those genes that met our criteria for at least three out of the four single siRNAs as bona fide hits. For Tlk2, all four different targeting sequences displayed a defect in our checkpoint recovery assay, but not in the unperturbed situation (Fig 2A) . The other 6 genes identified in the primary screen did not meet the strict criteria we set for the secondary screen, making Tlk2 our sole hit (Fig EV2A-C) . There was a slight variation in the extent of the recovery defect observed with the different Tlk2 siRNAs, which correlated well with the extent of protein depletion achieved with the independent siRNAs (Fig 2B) .
To more carefully determine the kinetics of cells entering mitosis in our assays, we followed the cells by time-lapse microscopy and plotted the cumulative mitotic index. The timing of mitotic entry in control and Tlk2-depleted cells was very similar (Fig 2C) . However, cumulative mitotic entry after DNA damage showed a clear defect in mitotic entry in Tlk2 depletion upon the addition of caffeine (Fig 2C) . To rule out that the recovery defect was specific to caffeine-induced recovery, we also monitored spontaneous recovery. While G2-arrested U2OS cells could spontaneously recover after irradiation with 6 Gy of ionizing radiation (IR), we found that Tlk2-depleted cells were severely impaired (Fig 2C) .
In order to confirm that the defect in recovery is not caused by a general defect in DNA replication, we performed FACS analysis of control and Tlk2-depleted cells at the moment of damage and 8 h after induction of recovery. Indeed, we could clearly see that in all cases, more than 90% of the cells have a 4n DNA content and that the only difference is the distribution of these cells between G2 and mitosis ( Fig 2D) . In addition, Y15 phosphorylation, an inhibitory phosphorylation site on Cdk1 remained high in Tlk2-depleted cells, indicating a potent arrest (Fig EV4A) . In contrast, normal cell proliferation and EdU incorporation in unperturbed cultures were not significantly altered upon depletion of Tlk2 (Fig EV3A-D) , compared to a low dose of 1 mM hydroxyurea (Fig EV3A-D) . To definitively rule out that Tlk2 depletion might compromise cell viability under normal conditions, we used CRISPR/Cas9 genome editing [30] to generate two Tlk2 knockout cell lines, Tlk2D 4.2.1 and Tlk2D 9.3.1, respectively (Fig EV3E-G) . Both knockout cell lines displayed normal growth kinetics (Fig EV3H-J) and mitotic entry after release from a thymidine block was unaffected (Fig 2E) . Importantly, recovery after a DNA damage-induced arrest was greatly reduced (Figs 2E and EV3K), providing conclusive evidence that the depletion of Tlk2 selectively affects cell cycle reentry after DNA damage and does not affect normal cell division. This is consistent with the recent finding that Tlk2 is not essential for cell viability [31] . As a final validation of Tlk2 as a regulator of recovery, we generated cell lines expressing tetracycline-inducible siRNA-resistant FLAG-tagged versions of Tlk2 to perform a rescue experiment. Using this setup, we could express either wild-type Tlk2 or a kinase-dead mutant (D613A) in cells depleted of endogenous Tlk2 (Fig 2F) . We could clearly observe the recovery defect after depletion of endogenous Tlk2. More importantly, we were able to rescue this defect by inducing wild-type FLAG-Tlk2 (Fig 2G) . However, reconstitution with the D613A mutant did not result in a rescue, showing that cells need Tlk2 kinase activity to properly recover from a DNA damage-induced arrest. While Tlk2 might not be at its peak activity at this moment, cells could rely on a minimal general level of Tlk2 activity or localized elevation of its activity at the sites of damage. Interestingly, DNA damage-induced inhibition of a kinase that plays an essential role during the DNA damage response is not without precedent, as we have previously shown that minimal Cdk activity is essential during the DDR, even though it is actively repressed [9] . Also, the activity of other DNA damage-sensitive kinases, such as Plk1, is required to start repair during a highly active DDR [32] . Taken together, these observations show that during checkpoint recovery, cells require active Tlk2 to recover from a DNA damage-induced cell cycle arrest in G2.
Evidence thus far suggests that both Tlk1 and Tlk2 display similar functions [18, 19] . Therefore, we were curious to know why we did not pick up Tlk1 in our screen. In our screen, we found that Tlk1 depletion resulted in very clear general mitotic entry defect (Fig EV1C) . We deconvoluted the pooled siRNAs from the library and assessed the effects on normal mitotic entry and recovery. Interestingly, only siRNA #4 produced a clear mitotic entry defect, whereas the other three siRNAs did not seem to affect mitotic entry or recovery in any way (Fig EV4B) . All four siRNAs depleted Tlk1 very efficiently (Fig EV4C) . Therefore, we have to conclude that siRNA #4 produces an off-target effect and Tlk1 has no essential role in mitotic entry either with or without DNA damage. This suggests that Tlk2 performs a unique function after DNA damage, while Tlk1 and 2 might act redundantly in non-damaged cells. To corroborate this notion, we co-depleted Tlk1 and 2 and found a general failure to enter mitosis in either condition (Fig EV4B and D) , indicating that Tlk1 and Tlk2 indeed perform redundant roles in non-damaged cells. However, when cells are challenged with insults to their DNA, they rely on Tlk2 for efficient recovery.
Tlk2 controls Asf1A to promote recovery
Tlks have been implicated in the DDR previously [23] [24] [25] [26] , and therefore, we asked whether depletion of Tlk2 would affect repair of the DNA damage. To this end, we synchronized cells in G2, damaged them using 0.5 lM adriamycin, and monitored the kinetics of cH2AX foci over time. In both the control and Tlk2-depleted conditions, we saw efficient induction of cH2AX foci shortly after damage and this signal disappeared over time (Fig 3A and B) . However, we noted a slightly higher induction and a faster decrease of cH2AX in Tlk2-depleted cells. At the earlier time points, this difference was not significant, but at 24 h after damage we observed a significantly lower level of cH2AX in the Tlk2-depleted cells. We next performed a more extensive time course to analyze the induction of p53 and p21, as well as the activation of Chk1, as visualized by the phosphorylation at S317 (Fig 3C) . Similar to the altered timing of cH2AX, we Fig EV1C) . U2OS cells were transfected, synchronized at the G1/S border by thymidine for 24 h, and then either released into nocodazole for 16 h (unperturbed mitotic entry) or for 7 h followed by treatment with 0.5 μM adriamycin for 1 h, and after a 16-h G2 arrest, cells were induced to recover by addition of caffeine (checkpoint recovery). Mitotic index was scored based on the percentage of histone H3-pS10-positive DAPI-nuclei and normalized to the untransfected controls. Black diamonds indicate individual siRNA-targeted genes from the library, light gray diamonds indicate positive (Wip1-depleted) and negative (untransfected and GAPDH-depleted) controls, and dark gray diamonds indicate the hits based on the two screens. Dotted lines indicate selection criteria for recovery-specific genes. 
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Tlk2 regulates checkpoint recovery Wytse Bruinsma et al again observed a slightly faster induction of Chk1 and p53 in the Tlk2-depleted cells ( Fig 3C) . In addition, we observed that the phosphorylation of S317 on Chk1 decreased faster in the Tlk2-depleted cells. While these data suggest that Tlk2 depletion leads to a minor shift in the kinetics of the DDR, they also demonstrate that Tlk2-depleted cells are able to efficiently activate and silence a functional DDR in response to genotoxic insults, and therefore, we believe the impact of these alterations to be negligible. Given the minor difference in checkpoint activation, we next decided to investigate events triggered by Tlk2 itself. Known substrates of Tlks include Asf1A and Asf1B [19, 20, 33] . These histone chaperones are required for proper chromatin assembly during S phase and after DNA damage, although the latter is mostly established in yeast [19, 34] . In mammalian cells, Asf1A and Asf1B have redundant roles in S phase [35, 36] , and therefore, we wondered whether these histone chaperones could be the targets of Tlk2 to promote recovery after DNA damage and might share isoform specificity during checkpoint recovery similar to Tlks. To test this, we first analyzed whether expression of Asf1A or Asf1B was affected by IR. Protein samples were taken at several time points after IR and blotted for both histone chaperones (Fig 3D) . Interestingly, we observe a clear induction of Asf1A and Asf1B at 9 to 12 h after IR, but this induction was absent in Tlk2-depleted cells. This observation indicates that Tlk2 is needed for proper induction of Asf1A and Asf1B after DNA damage, possibly through regulation of Asf1A and Asf1B protein stability [20] . Therefore, we asked whether depletion of Asf1A and/or Asf1B also results in a recovery defect. Asf1A depletion clearly reduced the amount of cells that were able to enter mitosis during checkpoint recovery but showed no effect in cells that were allowed to enter mitosis in the absence of DNA damage (Fig 3E and F) . In contrast, Asf1B produced a relatively mild defect in both unperturbed mitotic entry and checkpoint recovery (Fig 3E and F) . Compared to the induction of replication stress by low dose of hydroxyurea, depletion of Asf1A had a very minimal effect on cell proliferation and EdU incorporation (Fig EV3A-D) , indicating that replication is not affected by depletion of Asf1A only. In contrast, co-depletion of Asf1A and Asf1B resulted in clear reduction in mitotic entry in otherwise unperturbed cells (Fig 3E) . This synergistic effect is a reflection of the essential role of the Asf1 histone chaperones during replication [35, 36] .
Tlks have been shown to phosphorylate the C-terminal tail of Asf1A and are thought to be important for opening up its histonebinding pocket [37] . The best-described phosphorylation site is Asf1A-S166, and we wondered whether this site is affected during the DNA damage-induced arrest in a Tlk2-dependent manner. We synchronized cells in either S phase or G2 phase and quantified the total amount of S166 phosphorylation. We observed that Tlk2 depletion caused a significant decrease in the amount of S166 phosphorylation both in S phase and in G2 phase (Fig 3G) . Strikingly, induction of DNA damage in G2 resulted in an extensive increase in S166 phosphorylation, far beyond the level observed in S phase cells (Figs 3G and EV4E). Moreover, Asf1A is also readily phosphorylated after IR albeit to a lesser extent (Fig EV4F) . S166 phosphorylation appears to be largely dependent on Tlk2 (Fig 3G) , suggesting that activation of Asf1A by Tlk2 promotes recovery. To further corroborate this notion, we investigated whether a phosphomimetic mutant of Asf1A could overcome the recovery defect instigated by Tlk2 depletion. To this end, we made use of a cell line that inducibly expresses a Flag-tagged mutant of Asf1A (FLAG-Asf1A-4D) with phosphomimetic mutations at the four most prominent Tlkdependent phosphorylation sites [37] . Indeed, expression of the FLAG-Asf1A-4D mutant overcame the defects caused by depletion of Tlk2 and restored full recovery (Fig 3H) , indicating that phosphorylation of Asf1A by Tlk2 is an essential step to promote recovery.
Asf1A is required to incorporate H3-H4 histone dimers into DNA, and a recent report showed that H3 histones are evicted from the DNA following treatment with adriamycin [38] . Therefore, we examined the amount of histone H3 that was incorporated in the DNA following DNA damage and during recovery. To this end, we permeabilized cells, washed out the freely diffusible proteins, and stained for chromatin-bound histone H3 after fixation. Indeed, we observed that chromatin-bound histone H3 levels dramatically drop shortly after induction of DNA damage and levels were restored 16 h after treatment (Fig 3I) . Depletion of Tlk2 or Asf1A both resulted in an inability to reincorporate histone H3 at 16 h after damage, showing that Asf1A and Tlk2 are both essential to reincorporate histone H3 into chromatin after DNA damage in G2 (Fig 3I) . In addition, chromatin-bound histone H3 decreased similarly after IR (Fig EV4G) . Interestingly, expression of FLAG-Asf1A-4D significantly increased the amount of H3 incorporation shortly after DNA damage and during recovery (Fig 3J) . These observations indicate that Asf1A, like Tlk2, plays a unique role during the DDR in G2 cells, promoting Asf1A phosphorylation and chromatin restoration to allow for checkpoint recovery.
In yeast, Asf1 and K56 acetylation of H3 have been shown to be important for chromatin re-assembly at the newly repaired break ◀ Figure 2 . Tlk2 kinase activity is required for recovery from a DNA damage-induced arrest.
A U2OS cells were transfected with four independent siRNAs from the pools used in the screen, treated as in Fig 1, and analyzed for mitotic index. Error bars represent SD, n = 3. Statistical significance was tested using a paired two-tailed t-test (NS P > 0.05, *P ≤ 0.05, **P ≤ 0.01). B U2OS cells were synchronized with a single thymidine block, released into G2, and damaged with 0.5 lM adriamycin for 1 h. After a 16-h G2 arrest, cells were harvested for Western blot analysis and analyzed for Tlk2 protein levels. C Live cell imaging of thymidine-synchronized unperturbed or damaged G2 cells. Cumulative percentage of cells entering mitosis were scored and plotted. D U2OS cells were transfected with either a control siRNA or Tlk2 siRNA #3, synchronized, and damaged in G2. Cells were either harvested or treated with caffeine for 8 h before harvest, and cell cycle distribution was analyzed by FACS. Percentages of cells in each quadrant are indicated. E Tlk2D cells were generated using CRISPR/Cas9 genome editing. Cells were synchronized in G2 by thymidine release and damaged with 0.5 lM adriamycin for 1 h.
After a 16-h G2 arrest, cells were induced to recover by addition of caffeine for 8 h and analyzed by FACS. Error bars represent SD, n = 4. Statistical significance was tested using a paired two-tailed t-test (NS P > 0.05, *P ≤ 0.05, ***P ≤ 0.001). F U2TR cells stably expressing Tlk2 siRNA #3-insensitive tetracycline-inducible FLAG-Tlk2-wt or FLAG-Tlk2-D613A were thymidine-synchronized and damaged in G2.
Tetracycline was present form the start of the experiment where indicated. G Caffeine-induced recovery assay of cell lines shown in (F). Error bars represent SD, n = 3. Statistical significance was tested using a paired two-tailed t-test (NS P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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Tlk2 regulates checkpoint recovery Wytse Bruinsma et al site [34] . Asf1 stimulates the acetylation of H3 at K56 via recruitment of CBP/p300 [39] . Interestingly, while repair occurs normal in Asf1 deletion mutants in yeast, they are unable to deposit new histones after repair of the DSB and fail to recover from the DDR [34] . There are several reports suggesting a role for acetylated H3K56 during DNA damage in mammalian cells [39, 40] . However, its role is controversial as there seems to be very little acetylated H3K56 bound to Asf1 complexes [41] and acetylated H3K56 on newly incorporated histones is negligible [42] . More in line with the latter, we could not obtain conclusive results of a role for Tlk2 or Asf1A on K56 acetylation after DNA damage (data not shown). Therefore, it remains elusive which modifications are important for deposition of histones in newly repaired DNA and how this affects the essential role of Tlk2 and Asf1A in checkpoint recovery. Furthermore, the role of Tlk2 in maintaining chromatin structure might also offer an explanation for the Tlk2-dependent changes in the kinetics of the DDR (Fig 3A-C) . Several reports implicate DDR kinetics when altering chromatin structure. Chromatin compaction is required for restricting the DDR [43, 44] , and reducing chromatin compaction produces a hypersensitive response [45] . The loss of histone H3-dependent chromatin structure after Tlk2 depletion might explain the effects on DDR kinetics.
Tlk2 depletion leads to a loss of recovery competence
During S phase, stability of Asf1 controls repression of transcription and restoration of chromatin is an essential step for recovery of transcription following UV-induced genotoxic lesions [16, 46] . Regulation of transcription plays a vital role during the process of checkpoint recovery in G2, as it determines the competence to recover [8] [9] [10] 47] . Recovery competence in G2 is regulated by controlling the expression levels of a subset of pro-mitotic genes, such as Plk1 and cyclin B1. To address whether Tlk2-depleted cells also lose recovery competence via reduced expression of pro-mitotic genes, we monitored the expression of their respective mRNAs by qPCR. When comparing an unperturbed and a DNA damage-arrested population of G2 cells, we observed that depletion of Tlk2 significantly reduced the expression of mRNAs encoding for Plk1 and cyclin B1 in the damaged cells (Fig 4A) . Reduction of Plk1 and cyclin B1 mRNA was also observed in Tlk2 knockout cells that were damaged in G2 (Fig 4B) . To monitor the effects on protein expression, we immunoblotted for Plk1 and cyclin B1 protein levels right before and 16 h after the induction of damage. We found that both Plk1 and cyclin B1 levels were severely reduced after DNA damage in Tlk2-depleted cells, indicating that Tlk2 depletion can lead to loss of expression of pro-mitotic proteins (Fig 4C) . The repression of these genes during the DDR is controlled by p53, and therefore, we tested whether the recovery defect we observed in these cells could be alleviated by removing p53. In agreement with the literature, we could overcome the defect in checkpoint recovery induced by Wip1 depletion by co-depleting p53 (Fig 4D) [8] . In addition, we also observed a clear increase in recovering cells when we compared Tlk2 depletion with co-depletion of Tlk2 and p53 (Fig 4D) . These results clearly show that p53 has an important role in the loss of recovery competence observed in Tlk2-depleted cells. Next we asked whether we could see the same difference in p53-proficient and p53-deficient HCT116 colon carcinoma cell lines. Similar to the phenotypes observed in U2OS cells, we see a clear reduction in recovery after depletion of Tlk2 in p53-proficient HCT116 cells, whereas the defect in recovery was not observed in cells that do not express p53 (Fig EV5A and B) . In addition, Tlk2 depletion did not significantly affect mitotic entry in unperturbed HCT116 cells (Fig EV5C) . These data show that the effect of Tlk2 on recovery is not limited to U2OS cells. In addition, they demonstrate that the effect of Tlk2 on recovery can be rescued by p53. We hypothesize that p53 is not directly involved in the defect, but removal of p53 rather alleviates the pressure of the DDR on transcriptional activity. A U2OS cells were grown on glass coverslips and synchronized in G2 after thymidine release. Cells were fixed at the indicated times after adriamycin-induced DNA damage and stained for DAPI and cH2AX. Scale bar indicates 10 lm. B Quantification of cells in (A). Each dot represents the total signal of cH2AX in the nucleus of a single cell. Bars indicate the mean and error bars indicate the SD of the data points in each condition. Whiskers represent 5-95% of data points. Statistical significance was tested using an unpaired two-tailed t-test (NS P > 0.05, ****P ≤ 0.0001). C U2OS cells were synchronized in G2 and harvested at the indicated times after induction of adriamycin-induced DNA damage with or without Tlk2 depletion.
Samples were analyzed by Western blotting for the indicated proteins. D U2OS cells were synchronized in G2 and damaged with 6 Gy of IR. Samples were taken at the indicated times after induction of damage with or without Tlk2 depletion. Samples were analyzed by Western blot for the indicated proteins. Band signal intensity for Asf1A and Asf1B was measured and corrected for Ponceau S staining. E U2OS cells were transfected with the indicated siRNAs and treated as in Fig 2A. Mitotic index was analyzed by FACS. Error bars represent SD, n = 3. Statistical significance was tested using a paired two-tailed t-test (NS P > 0.05, *P ≤ 0.05). F U2OS cells were synchronized with a single thymidine block, released into G2, and damaged with 0.5 lM adriamycin for 1 h. After a 16-h G2 arrest, cells were harvested for Western blot analysis and analyzed for the indicated protein levels. Lanes were all present on the same blot but pasted together for comparison as indicated by the lines. G Cells were synchronized in S or G2 phase by a single thymidine block. Damage was induced by 0.5 lM adriamycin for 1 h, and cells were allowed to incubate for 16 h afterward. Samples were fixed at the indicated cell cycle stages and stained for Asf1A-pS166. Nuclear fluorescence intensity was measured relative to DAPI. Whiskers represent 5-95% of data points. H Cells were treated and analyzed as in Fig 2E. Induction of FLAG-Asf1A-4D was induced using doxycycline. Error bars represent SD, n = 5. Statistical significance was tested using a paired two-tailed t-test (*P ≤ 0.05). I U2OS cells were synchronized in G2 by a single thymidine block and where indicated treated with 0.5 lM adriamycin for 1 h and after the indicated time points were pre-extracted and fixed. Cells were stained for total levels of histone H3 and quantified relative to DAPI. Scale bar indicates 10 lm. Whiskers represent 5-95% of data points. J FLAG-Asf1A-4D-inducible cells were treated as in (I), and expression was induced using doxycycline where indicated. Whiskers represent 5-95% of data points.
Statistical significance was tested using an unpaired two-tailed t-test (****P ≤ 0.0001).
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In accordance with the phenotypes observed in Fig 4D, excessive suppression of Plk1 was not observed in cells co-depleted of p53, indicating that p53 is responsible for the repression of pro-mitotic proteins in Tlk2-depleted cells and thus drives loss of recovery competence (Fig 4E) . Similar results were obtained when codepleting p53 with Asf1A (Fig 4F) . In both Tlk2-and Asf1A-depleted cells, Plk1 and cyclin B1 expression levels during the DDR were reduced while p53 depletion resulted in a restoration of Plk1 and cyclin B1 expression (Fig 4G) . In addition, induction of FLAGAsf1A-4D in this setting resulted in restoration of Plk1 mRNA levels as well as protein levels of Plk1 and cyclin B1 (Fig EV5D and E) .
Finally, we reasoned that if Tlk2 depletion leads to loss of recovery competence, the timing of the Tlk2 rescue by our RNAiinsensitive inducible Tlk2 could be crucial. Indeed, when we restored Tlk2 expression before DNA damage was inflicted, cells were able to retain recovery competence. However, when we restored Tlk2 only after the loss of Plk1 and cyclin B1 had already taken place (i.e., 8 h after induction of DNA damage), we were unable to rescue the recovery defect of Tlk2-depleted cells (Fig 4H  and I ). In addition, late induction of FLAG-Tlk2 also failed to restore normal levels of both Plk1 and cyclin B1 in the DNA damage cultures (Fig 4H) . Taken together, these results clearly demonstrate that Tlk2, through Asf1A, controls chromatin restoration after DNA damage. Failure to properly restore chromatin results in loss of promitotic gene transcription. The resulting loss of sufficient amounts of Plk1 and cyclin B1 to restart the cell cycle renders cells incapable of recovering from a DNA damage-induced arrest in G2 (Fig 4J) .
Materials and Methods
Antibodies, reagents, Western blotting, and qPCR Antibodies directed against the following proteins were used: Tlk2, SMC1 (all Bethyl), MPM-2 (Millipore), a-tubulin (Sigma), cH2AX, histone H3-pS10 (Upstate), actin, Chk1, Plk1, cyclin B, p53, HSP90a/b (all Santa Cruz), Tlk1, Asf1A, Asf1B, Chk1-pS317, Cdk1-pY15 (all Cell Signaling), FLAG (Sigma), and histone H3 (Abcam).
The antibody directed at Asf1A-pS66 was a gift from A. Groth [37] . Secondary antibodies Alexa-488, Alexa-568, and Alexa-633 were from Molecular Probes and horseradish peroxidase-coupled secondary antibodies from Dako. The following chemicals were used: thymidine (2.5 mM, Sigma), caffeine (5 mM, Sigma), adriamycin (0.5 lM, Sigma), nocodazole (250 ng/ml, Sigma), DAPI (Sigma), PI (Sigma), Ponceau S (Sigma), doxycycline (1 lg/ml, Sigma), and tetracycline (1 lg/ml, Sigma). For Western blot analysis, cells were lysed in Laemmli sample buffer normalized for total protein content and analyzed by immunoblotting. For qPCR, samples were harvested and mRNA was isolated with RNeasy kit (Qiagen). cDNA synthesis was performed by means of SuperScript III reverse transcriptase kit (Invitrogen) with oligo-dT primers according to the manufacturer's protocols. cDNA was analyzed by qPCR using SensiMix SYBR Low-ROX (Bioline) on an real-time PCR system (Applied Biosystems 7500). The fold enrichment of Plk1 and cyclin B1 was calculated using the 2 ÀDDCt method after normalization by GAPDH mRNA levels. Primer sequences were described previously [48] .
Cell culture and generation of cell lines
Human osteosarcoma U2OS cells HCT116p53 +/+ and HCT116p53
human colon carcinoma cells were grown in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% FCS (Lonza), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. Tlk2 sequence-verified cDNA was obtained from Open Biosystems. Tlk2 was amplified and N-terminally tagged with FLAG by PCR with the following forward primer: ◀ Figure 4 . Depletion of Tlk2 leads to a loss of recovery competence.
A U2OS cells were treated as in Fig 2B after which mRNA was isolated and analyzed by qPCR. Error bars represent SD, n = 3. Statistical significance was tested using a paired two-tailed t-test (*P ≤ 0.05). B Tlk2D 9.3.1 cells were treated and analyzed as in Fig 3A. Error bars represent SD, n = 3. Statistical significance was tested using a paired two-tailed t-test (*P ≤ 0.05, **P ≤ 0.01). C U2OS cells were synchronized in G2 and harvested or synchronized in G2 and harvested 16 h after adriamycin-induced DNA damage. Samples were analyzed by Western blot for the indicated proteins. D U2OS cells were transfected with the indicated siRNAs, synchronized in G2, and damaged with 6 Gy of IR. Cells were harvested 24 h later, and the mitotic index was analyzed by FACS. Error bars represent SD, n = 3. Statistical significance was tested using a paired two-tailed t-test (**P ≤ 0.01). E Cells transfected with the indicated siRNAs were treated and analyzed as in (C). F U2OS cells were transfected with the indicated siRNAs, arrested in G2 with adriamycin, and induced to recover by addition of caffeine. Mitotic index was analyzed by FACS. Error bars represent SD, n = 3. Statistical significance was tested using a paired two-tailed t-test (**P ≤ 0.01). G U2OS cells were synchronized in G2 and harvested 16 h after adriamycin-induced DNA damage. Samples were analyzed by Western blot for the indicated proteins. H U2TR cells stably expressing Tlk2 siRNA #3-insensitive tetracycline-inducible FLAG-Tlk2-wt were thymidine-synchronized, damaged in G2, and harvested 24 h afterward. Tetracycline was either absent (off), added from the start of the experiment (early) or 16 h after induction of DNA damage (late). Samples were analyzed by Western blot for the indicated proteins. I Cells were treated as in (G) and recovery was induced by addition of caffeine for 8 h. Mitotic index was analyzed by FACS and normalized to the control. Error bars represent SD of three independent experiments. Error bars represent SD, n = 3. Statistical significance was tested using a paired two-tailed t-test (NS P > 0.05, **P ≤ 0.01). J Model of Tlk2/Asf1A-dependent recovery competence. Red circle denotes phosphorylation event at S166, and white circles denote histones. See text for further details. expressing FLAG-Tlk2-wt and FLAG-Tlk2-D613A were generated by calcium phosphate transfection of the constructs, selection of stable clones by zeocin (400 mg/ml, Invitrogen) treatment for 2 weeks followed by clonal selection. Stable clones were grown in media containing tetracycline system-approved fetal bovine serum (Lonza). Clones were further selected for 2 weeks with tetracycline present in the medium to generate clones that tolerate expression of the exogenous Tlk2 clones. For induction of expression, cells were treated for the indicated times with tetracycline (1 mg/ml). Tlk2 knockout cell lines were generated using CRISPR/Cas9 genome editing. CRISPR sequences were designed targeting Tlk2 (exon 4, 5 0 -GAACCATATGAAACTAGCCA -3 0 ; exon 9, 5 0 -TCTGACT TAGAGAAGAAGGA-3 0 ) and cloned into pX330 [30] . U2OS cells were transfected with the exon-specific pX330 plasmids in addition to a plasmid containing a guide RNA to the zebrafish TIA gene (5 0 -ggtatgtcgggaacctctcc-3 0 ) and a cassette of a 2A sequence followed by a Blast R gene, flanked by two TIA target sites. Co-transfection results in infrequent integration of the Blast R gene at the targeted genomic locus by NHEJ, as previously described [31] . Successful integration of the cassette renders cells resistant to blasticidin. Two days following transfection, the culture medium was supplemented with blasticidin (10 lg/ml). Surviving colonies were clonally expanded, screened for cassette integration and indels into the query gene by PCR (using primer sets 5 
Cell synchronization
For analysis of checkpoint recovery, cells were synchronized at the G1/S border by thymidine (2.5 mM) for 24 h followed by a 7-h release and 1-h incubation with adriamycin (0.5 lM) or irradiation with 6 Gy with a 137 Cs source. Afterward, cells were kept for 16 h in nocodazole (250 ng/ml). Recovery was induced by adding caffeine (5 mM) for 8 h. Unperturbed mitotic entry was assayed by a 24-h thymidine block followed by a 16-h release into nocodazole. For reconstitution assays, expression was induced by addition of tetracycline (1 mg/ml) at the indicated times.
siRNA transfection and automated image analysis
For siRNA experiments, cells were grown in 96-well plates (Viewplate-96, PerkinElmer) and transfected with 20 nM siRNA using HiPerFect (Qiagen) or RNAiMAX (Life Technologies) according to the manufacturer's recommendations. The human ON-TARGETplus kinome library (GU-103500) and individual siRNAs targeting Wip1, Tlk1, Tlk2, Asf1A, and Asf1B were obtained from Dharmacon. Cells were fixed by addition of equal volume of an 8% formaldehyde solution to the medium to prevent loss of mitotic cells, permeabilized with methanol, and stained with DAPI and anti-histone H3-pS10 antibodies. Image acquisition was performed using a Cellomics ArrayScan VTI (Thermo Scientific) using a 20× 0.40 NA objective. Image analysis was performed using Cellomics ArrayScan HCS Reader (Thermo Scientific). In short, cells were identified based on DAPI staining, and they were scored as mitotic if the intensity of histone H3-pS10 staining reached a preset threshold. All images and automated image quantifications were subsequently checked manually. Image analysis was performed on at least 500 cells per condition.
Fluorescence-activated cell sorting
Cells were harvested by trypsinization and fixed with ice-cold 70% ethanol. Cells were stained using the MPM-2 antibody (Millipore) and Alexa-488-conjugated secondary antibodies (Molecular Probes). DNA was stained using propidium iodide, and samples were analyzed on a FACSCalibur flow cytometer (BD Biosciences). Cell cycle distribution was determined by flow cytometry counting 10 4 events as described.
Immunofluorescence, real-time imaging, and cumulative index
For immunofluorescence, cells were fixed/permeabilized in 3.7% PFA with 0.2% Triton X-100 or fixed in 3.7% PFA and permeabilized by ice-cold methanol. Cells were blocked with 4% BSA and stained with the indicated primary antibodies. Samples were subsequently incubated with Alexa Fluor secondary antibodies and DAPI and mounted with Prolong Gold Antifade. For pre-extraction, cells were permeabilized at the indicated time points with 0.2% Triton X-100 in PBS and were rigorously washed twice with PBS. Subsequently, cells were fixed with 3.7% paraformaldehyde and stained as described. Images were acquired on a Zeiss Axiovert 200 M using NA 0.75 objectives or on a DeltaVision Elite imaging system using NA 1.4 objectives. Images were processed and analyzed with FIJI as described. For time-lapse microscopy, cells were grown on LabTek II chambered cover glasses in Leibovitz's L-15 medium (Gibco) supplemented with 10% FCS (Lonza), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin and were imaged with DIC on a Zeiss Axiovert 200 M using 20× NA 0.75 objectives or on a Deltavision imaging system using 20× 0.75 NA objectives. Images were taken every 15 min, and movies were manually scored for cumulative mitotic index.
Expanded View for this article is available online.
